Chorismate-converting enzymes are involved in many biosynthetic pathways leading to natural products and can often be used as tools for the synthesis of chemical building blocks. Chorismatases such as FkbO from Streptomyces species catalyse the hydrolysis of chorismate yielding (dihydro)benzoic acid derivatives. In contrast to many other chorismate-converting enzymes, the structure and catalytic mechanism of a chorismatase had not been previously elucidated. Here we present the crystal structure of the chorismatase FkbO in complex with a competitive inhibitor at 1.08 Å resolution. FkbO is a monomer in solution and exhibits pseudo-3-fold symmetry; the structure of the individual domains indicates a possible connection to the trimeric RidA/YjgF family and related enzymes. The co-crystallised inhibitor led to the identification of FkbO's active site in the cleft between the central and the C-terminal domains. A mechanism for FkbO is proposed based on both interactions between the inhibitor and the surrounding amino acids and an FkbO structure with chorismate modelled in the active site. We suggest that the methylene group of the chorismate enol ether takes up a proton from an active-site glutamic acid residue, thereby initiating chorismate hydrolysis. A similar chemistry has been described for isochorismatases, albeit implemented in an entirely different protein scaffold. This reaction model is supported by kinetic data from active-site variants of FkbO derived by sitedirected mutagenesis.
Introduction
Chorismate is a central metabolite in bacteria, plants and fungi and serves as key intermediate for biosynthesis of aromatic amino acids, quinones, salicylic acid and complex natural products such as polyketides, polyenes or terpenoids [1] [2] [3] . Moreover, many enzymes that catalyse reactions starting from chorismate ( Fig. 1 ) are useful tools in the production of structurally diverse valuable, often chiral building blocks [4] [5] [6] . Knowledge of the three-dimensional structure of an enzyme usually greatly aids the understanding of the enzyme's catalytic mechanism. Although the crystal structures of various chorismateconverting enzymes have already been elucidated, the structure and mechanism of chorismatases is not yet known [7, 8] . Some of the already extensively described enzymes share similarities in amino acid sequence, structure and mechanism such as enzymes from the isochorismate synthase family encompassing, for example, anthranilate synthase and salicylate synthase [9, 10] . Similarities in the general mechanism have been proposed for enzymes such as chorismate mutase [11] and chorismate lyase [12] that catalyse different pericyclic reactions [13] .
Chorismatases (Fig. 1 ) catalyse the hydrolysis of chorismate into pyruvate and (dihydro)benzoic acid derivatives. Depending on the benzoic acid derivative formed, three distinct types of chorismatases have been described: FkbO, Hyg5 and XanB2. Enzymes of the FkbO type catalyse the reaction leading to 3,4-dihydroxycyclohexa-1,5dienoic acid (3, ; all known enzymes of this type are involved in the biosynthetic pathways forming polyketidic immunosuppressants such as ascomycin (FK520) [14] , rapamycin [15] and tacrolimus (FK506) [16] . The second and the third type of chorismatases (Hyg5 type and XanB2 type) form the aromatic product 3-hydroxybenzoic acid (3-HBA). Hyg5 was cloned from a yet uncharacterised gene cluster from Streptomyces hygroscopicus [17] , and Hyg5-like activity has been shown for the Bra8 enzyme from Nocardia brasiliensis [18] in in vivo experiments [7] . Very recently, the discovery of a Hyg5-type chorismatase leads to the identification of the gene cluster for cuevaene A in Streptomyces sp. LZ35 [19] . XanB2 from Xanthomonas sp. was described as the first member of a third type of chorismatases, characterised by the occurrence of Hyg5-like activity (3-HBA production) and chorismate lyase activity, leading to 4-hydroxybenzoic acid (4-HBA) production ( Fig. 1 ). Sequence alignment studies and mutational analysis of conserved residues have been carried out with this enzyme, leading to a proposed model of the organisation of XanB2 in three domains, presenting distinct active sites for 3-HBA and 4-HBA production, respectively [8] . However, due to the lack of high-resolution structural data, no mechanism for the different types of chorismatases has yet been proposed.
An FkbO-type chorismatase side activity has been described for isochorismatases (E.C. 3.3.2.1), which catalyse the conversion of the chorismate regioisomer isochorismate into 2,3-dihydroxycyclohexa-4,6dienoic acid ( Fig. 1) [20, 21] . The three-dimensional structures of several isochorismatases are known [21] [22] [23] , but the amino acid sequence identity shared with chorismatases is very low (b 10%); therefore, a structural relation between the two groups of enzymes can be neither assumed nor excluded.
Among experimentally identified and putative chorismatases, the amino acid sequences are very similar (35-84% identity, see also Fig. S1); however, in comparison to other enzymes, the sequence similarity is very limited. Only the C-terminal domain of all chorismatases displays amino acid sequence similarity to the RidA (formerly YjgF/YER057c/UK114) protein family (N 22% identity). These proteins are abundant in bacteria, animals and fungi and were discussed to be involved in the regulation of translation processes and biosynthetic pathways and in the removal of potentially toxic metabolites [24] [25] [26] . Recently, a conserved enzymatic function for these proteins has been proposed, according to which they are responsible for the release of ammonia from reactive imine/enamine intermediates [27, 28] . Chorismatases (or chorismate hydrolases, CH) of the FkbO-type catalyse chorismate hydrolysis leading to 3,4-dihydroxycyclohexa-1,5-dienoate (3,4-CHD); whereas Hyg5-type CHs result in the aromatic product 3-hydroxybenzoate (3-HBA). 3-HBA is also the main product of XanB2-type CHs, in addition to a chorismate lyase (CL) side activity yielding 4-hydroxybenzoate (4-HBA). Chorismate is isomerised by isochorismate synthases (ICS) to isochorismate; chorismate mutases (CM) catalyse the Claisen rearrangement to prephenate. Isochorismatases (or isochorismate hydrolases, ICH) that act on isochorismate leading to 2,3-dihydroxycyclohexa-4,6-dienoic acid (2,3-CHD) also catalyse a FkbO-type reaction.
Structurally, RidA/YjgF proteins are related to AroH chorismate mutases catalysing the Claisen rearrangement of chorismate to prephenate [11, 13, 29, 25] : this connection to chorismate mutases initially led to the idea to test FkbO for chorismatase activity [7] . However, the stretch of sequence covered by the similarity to the RidA/YjgF family is not long enough to create a useful sequence-based homology model of chorismatases. Therefore, an experimental threedimensional structure of a chorismatase is of great value to draw conclusions about the catalytic mechanism and the distinction between the different types of chorismatases. Additionally, a protein structure would facilitate further comparisons with other chorismate-converting enzymes such as chorismate mutase, chorismate lyase or isochorismatase.
Here we report the crystal structure of the chorismatase FkbO from S. hygroscopicus subsp. ascomyceticus co-crystallised with the competitive inhibitor 3-(2-carboxyethyl)benzoate bound in the active site to a resolution of 1.08 Å. In combination with results of active-site mutagenesis studies, we propose a catalytic mechanism for FkbO.
Results and Discussion

Oligomeric state and crystallisation of FkbO
The sequence similarity search for FkbO using pBLAST (National Center for Biotechnology Information) revealed the RidA/YjgF protein family as the closest match. One of the main characteristics of these enzymes is their trimeric quaternary structure in solution that can also be found in case of the structurally similar AroH chorismate mutases. Initially, we thought that this might be the case for chorismatases as well; however, the analysis of the oligomeric state of FkbO with size-exclusion chromatography unequivocally showed that the active enzyme exists as a monomer in solution ( Fig. S2 ). This finding was supported by the crystal structure of FkbO solved in space group 4 (P12 1 1) with one polypeptide in the asymmetric unit (Table 1) . FkbO exclusively crystallised when 3-(2-carboxyethyl) benzoate was used as an additive, earlier crystallisation attempts without a ligand failed. The cocrystallised compound is a competitive inhibitor of FkbO (Table 2) , mimicking the structure of the physiological substrate chorismate [30] . Attempts to solve the crystal structure based on molecular replacement with the RidA/YjgF protein family were unsuccessful. Therefore, experimental phases were determined by selenomethionine (SeMet) single wavelength anomalous dispersion. SeMet-FkbO crystals diffracted to 1.08 Å allowing to model the structure with an R-factor of 0.126 and an R-free of 0.146 (Table 1 ). In the electron density map, the 13 N-terminal amino acids of the native FkbO sequence could not be modelled. N-terminal proteolytic truncation seems to be involved because of two further observations: (a) in a Western blot of an FkbO sample that was stored for 30 days at 4°C, the N-terminal His-tag present in recombinant FkbO could not be detected with HisTag antibodies (Fig. S3 ); (b) crystals appeared only after extended periods, typically 4 weeks, in which proteolysis could occur. The N-terminal proteolysed FkbO shows chorismatase activity comparable to full-length FkbO (Fig. S3 ); therefore, the N-terminal part does not seem to be involved in catalysis.
The FkbO monomer is organised in three domains
FkbO can be divided into three distinct domains: N-terminal (residues 1-101), central (residues 102-213) and C-terminal (residues 214-344; Figs. 2 and 3) domains. Each of the domains features a β-sheet with a high content of hydrophobic and Statistics for the highest-resolution shell are given in parentheses.
aromatic amino acid residues forming the inner core of the protein. The three individual domains and the complete structure were analysed for similar structures using the DALI server [31] . The results exclusively show similarities to the RidA/YjgF protein family and AroH chorismate mutases that are characterised by a mostly anti-parallel β-sheet arranged in an β1-β2-β3-β6-β4-β5 order, with two α-helices located between β3 and β4 and between β4 and β5, respectively ( Fig. 3a and Fig. S4 ) [25] [26] [27] . These similarities are most striking for the C-terminal domain, where the relation is also obvious from sequence alignments; in the structure, the complete six-stranded β-sheet is preserved, including the inserted α-helices, although one of them is represented by two shorter helices that are connected by a helical loop region. The structural relation of RidA/ YjgF with the FkbO central domain was not predicted by sequence alignments; however, it shows a complete RidA/YjgF fold that only lacks the first β-strand. The N-terminal domain has less obvious structural similarity to the RidA/YjgF motif, as no α-helices are present. Nevertheless, the underlying topology of the core β-sheet is the same, with four β-strands present, which are connected by loop regions corresponding to the position of the helices in RidA/YjgF proteins ( Fig. 3a and Fig. S4 ). Overall, the FkbO monomer resembles the trimers of the RidA/YjgF family and AroH chorismate mutase proteins (Fig. 3b ). The similarity between the central and the C-terminal domains of FkbO suggests their origin from a gene duplication event. The sequence identity between the two domains is low (12%); thus, the shared origin mostly manifests in the structure [32] . The lower similarity of the N-terminal domain to the central and C-terminal domains makes their relation through another gene duplication event less obvious.
In context with their XanB2 work, Zhou et al. suggest based on sequence alignments that the variability of the N-terminal part of chorismatases might be the main discrimination between the different chorismatase types [8] . If this is the case, the differing appearance of the N-terminal domain might be connected to the development of new functionalities.
As it is far away from the active site and apparently not involved in the catalysis (discussion of the mechanism below), it might have been less restrained during evolution and could therefore have evolved to assume new functions as described for XanB2 (chorismate lyase activity). Interestingly, a similar concatenation of RidA/YjgF monomers leading to a pseudo-3-fold symmetry (coined the "Toblerone" fold) has been recently described for the cyanuric acid hydrolase AtzD, which belongs to a family of ring-opening amidases [33] . Both enzymes, AtzD and FkbO, are unrelated, concerning the reaction catalysed and their amino acid sequence (7% overall sequence identity), but show modest structural similarity (r.m.s.d. The most obvious difference between FkbO and AtzD is the location of the active site, which is in case of AtzD located in the centre of the enzyme, with all three domains contributing to its structure. As described in the following, FkbO's single active site shows parallels with the active sites present in the trimeric RidA/YjgF proteins. In their paper, Peat et al. also favour the idea that AtzD and related enzymes are derived from RidA/YjgF family enzymes via gene duplication as opposed to RidA/YjgF developing from a truncated AtzD [33] . The existence of two different usages of a concatenated RidA/YjgF fold further supports this idea and suggests that the RidA/YjgF monomer is a most versatile domain architecture.
FkbO's active site is located between the central and the C-terminal domains
Only one molecule of the inhibitor 3-(2-carboxyethyl) benzoate is found in the FkbO structure: the compound is located in the cleft between the central and the C-terminal domains, suggesting only one active site ( Figs. 2a and 3b ). Since 3-(2-carboxyethyl)benzoate is a competitive inhibitor (30] , it is likely that the compound binds to the active site of the enzyme in a similar fashion as the native substrate chorismate. As obvious from the surface representation (Rg. S5), the inhibitor is almost completely enclosed inside the FkbO molecule; the entrance to the active site is covered by three loops from the C-terminal domain (Fig. 4a ). Loop 1 (composed of 23 residues (206-228)) contains five proline residues most of which are conserved in chorismatases (Rg. S1 ). The conformational rigidity of proline residues may reduce the conformational flexibility of the loop in absence of substrate. As a consequence, the entropy cost associated with freezing loop 1 into one conformation upon substrate binding would be reduced and the binding affinity would be enhanced [34] .
3-(2-Carboxyethyl)benzoate interacts non-covalently with the loops and the secondary structure elements forming the cleft. The aromatic ring of the inhibitor is n-n-stacked with Phe226 in loop 1 on one side and stabilised by water-n interaction on the other side. The carboxylic group at the aromatic ring of the inhibitor forms two hydrogen bonds with the terminal amino groups of Arg162. Glu338 interacts with the C2 carbon atom of the propionate group, and two water molecules build a hydrogen bond network with the side-chain carboxyl group. Tyr215 and Arg228 are also hydrogen bonding with the side-chain carboxyl group (Fig. 4b) . Structure-based alignments of FkbO-type chorismatases show that all these residues are conserved with the exception of Arg228 that is exchanged by glycine in the chorismatase RapK (Fig. S1) .
A putative mechanism for FkbO-catalysed chorismate hydrolysis
The electron density of the inhibitor served as a template to model the native substrate chorismate. In the model, chorismate is stabilised by the same amino acids described for the inhibitor (Phe226, Arg162, Tyr215, Arg228), with the exception that Glu338 interacts with the CH 2 group of the enol ether (absent in the inhibitor) ( Fig. 4c ). Based on this observation, the following mechanism for FkbO could be proposed: after entering the active site, the methylene group of the enol ether takes up a proton from Glu338 forming a carbocation/oxocarbonium ion intermediate. This species is subsequently hydroxylated resulting in a hemiketal intermediate, which spontaneously decomposes to the products 3,4-CHD and pyruvate (Fig. 5 ). Additional amino acid residues might be involved in the activation of the water molecule hydroxylating the cationic intermediate and in protonation of the hemiketal intermediate. A similar mechanism has been postulated for the isochorismatase PhzD from Pseudomonas aeruginosa [21] and an isochorismatase-like hydrolase from Oleispira antarctica [23] . However, there is no structural similarity between the FkbO structure and the dimeric α-β-α sandwich structure described for isochorismatases. For other chorismate-converting enzymes such as chorismate mutases or isochorismatases, it has been observed that chorismate (or isochorismate) is bound in the active site in the trans pseudo-diaxial conformation; for chorismate mutases, this conformation is the basis for catalysis [21, 35] . The pseudo-diaxial conformer is the minor species in solution, as the pseudo-diequatorial conformation is shown to be the more stable one [36] . With the current model (the pseudo-diequatorial conformation is shown in Fig. 4c ), we cannot rule out one of the two conformations; however, in light of the mechanistic similarity between FkbO and isochorismatases, the trans pseudo-diaxial conformation might be present in chorismatases as well.
To further support the postulated chorismatase mechanism, we tested several active-site mutants in an enzyme-coupled, continuous spectrophotometric assay ( Table 2 and Figs. S6 and S7) . The results obtained confirm that Glu338 plays a major role in catalysis, as in both enzyme variants tested (FkbO-Glu338Ala and the more conserved replacement Glu338Gln), chorismatase activity is completely abolished. This finding was confirmed by HPLC: even after incubation of the variants with chorismate for 20 h, no 3,4-CHD could be detected (Fig. S7 ). Studies of Zhou et al. further support these results, as the mutation of the corresponding amino acid in XanB2 (Glu329) severely affects XanB2-chorismatase activity (43% residual activity for 3-HBA formation) [8] . In this case, the glutamic acid was exchanged with aspartic acid; therefore, catalytic function is retained at reduced activity and only the relative position of the carboxyl group to the substrate is changed, explaining the significant residual activity for the XanB2 variant. Exchange of the amino acid stabilising the substrate through π-π interaction (Phe226Ala) and the tyrosine hydrogen bonding with the side-chain carboxyl group (Tyr215Phe) also led to FkbO variants with decreased activities (2.5% and 12% remaining wildtype activity, respectively). Surprisingly, the Arg228Ala variant showed an approximately doubled activity compared to the wild type, along with a clearly S-shaped substrate concentration/activity plot suggesting cooperativity. The non-linear fit of the curve with the Hill equation results in a Hill coefficient of 2.1. More detailed experiments will be carried out to explore potential reasons for this result. Interestingly, Arg228 is the only active-site amino acid not present in all FkbO-type chorismatases; in the chorismatase from the rapamycin cluster (RapK), a glycine is present at this position (Fig. S1 ). The decreased activity of Tyr215Phe suggests that Tyr215 is the main amino acid residue interacting with the side-chain carboxyl group.
Comparison of the active sites from FkbO and RidA/YjgF proteins
The finding that FkbO has only one active site is in contrast to the situation in RidA/YjgF family proteins and AroH chorismate mutases. Due to their symmetrical arrangement of three monomers, they have three ligand binding sites per trimer [11, 13, 25, 26] . When FkbO and RidA/YjgF protein structures containing active-site ligands are compared, it is obvious that the ligands and interacting active-site residues superimpose (Fig. S5 ). In the RidA/YjgF family, the glutamate corresponding to the catalytic Glu338 in FkbO is largely conserved and is suggested to coordinate the water molecule that reacts with the imine/enamine substrate [28] . Another feature conserved in the active sites of both, RidA/ YjgF proteins and chorismatases, is the aromatic residue (Phe226 in FkbO) forming π-π interaction with the substrate in FkbO. This residue is a tyrosine in most RidA/YjgF proteins and proposed to stabilise the imine nitrogen [27, 28] . Other residues suggested to participate in catalysis or substrate binding in RidA/YjgF proteins and FkbO are not conserved (Fig. S5) . Nevertheless, the similarities in the active site strongly support the idea that RidA/YjgF proteins and chorismatases share a common ancestor, as it has been suggested for RidA/YjgF proteins and chorismate mutases or the AtzD family, respectively [25, 33] .
When compared to AroH chorismate mutases, FkbO shows no striking similarities except the overall structure and the general location of the active site at the monomer-monomer interfaces, as well as the common fact that both catalyse reactions starting from chorismate. AroH chorismate mutases might therefore be distinct relatives of chorismatases, sharing the same substrate but evolved divergently to remain homotrimeric enzymes with three active sites rather than to become a monomeric enzyme with only one active site. Further experiments may clarify whether the utilisation of slightly different domains as opposed to three identical monomers is the basis for chorismatase activity or whether the inactive domains serve as regulatory elements. For XanB2, it has already been shown that different domains are responsible for different activities (chorismatase versus chorismate lyase activity) [8] .
In summary, we believe that the structure presented will be a step towards a molecular understanding of the different chorismatase types (FkbO, Hyg5, XanB2) and their relation to other chorismate-converting enzymes. Due to the involvement of chorismate-converting enzymes in the biosynthetic pathways of diverse natural products and, therefore, their importance as targets for new pharmaceuticals, a detailed knowledge of the catalytic mechanism aids the development and improvement of compounds by the design of specific inhibitors or enzyme variants leading to natural product derivatives with enhanced bioactivity.
Experimental Procedures
Details of synthetic procedures, cloning, expression and purification of FkbO variants and enzyme assays are given in Supplemental Information.
Chemicals
All chemicals used were of analytical grade and, if not stated otherwise, used as received from the supplier. 3-(2-Carboxyethyl)benzoate was synthesised via Knoevenagel-Doebner condensation followed by reduction of the double bond and subsequent transformation in the corresponding sodium salt as described before [30] .
Heterologous expression and purification of FkbO and FkbO variants
Heterologous expression and purification of recombinant FkbO (from S. hygroscopicus subsp. ascomyceticus) using the strain BL21-RP-pL1SL2(DE3)-pET28a-FkbO (carrying an N-terminal His-tag) was carried out as described previously [30] . For further purification, the enzyme was subjected to size-exclusion chromatography (Superdex 75 10/300 GL; GE Healthcare) in 20 mM sodium phosphate buffer (pH 7.0), containing 100 mM NaCl and 1 mM tris(2-carboxyethyl)phosphine.
SeMet-FkbO
We used 100 μL of an overnight culture of BL21-RP-pL1SL2(DE3)-pET28a-FkbO to inoculate a second overnight culture in a SeMet-containing minimal medium. Expression was carried out as described by Dias et al. [37] with an incubation time of 24 h at 18°C and 200 rpm. The purification of SeMet-FkbO followed the same protocol as described for FkbO.
FkbO variants
Active-site variants were constructed with the QuikChange method and expressed using the same strain as described for wild-type FkbO; to improve yields, we carried out the heterologous expression at 24°C for 20 h. The purification procedure was the same as described for wild-type FkbO.
Activity assays
Chorismatase activity was determined as described before using a continuous spectrophotometric assay by following the decrease in NADH concentration with lactate dehydrogenase as a coupling enzyme; for the analysis of extended incubation times, an HPLC assay (reversed phase, C18 material) was employed [30] . Kinetic parameters were calculated with the Origin software using the Michaelis-Menten or the Hill equation.
Crystallisation of FkbO and SeMet-FkbO
Prior to crystallisation, the protein was concentrated to 4 mg/mL (spin filters, cutoff of 30 kDa) and afterwards supplemented with 5% glycerol and 20 mM 3-(2-carboxyethyl)benzoate. Both native and SeMet-labelled FkbO crystals were obtained via hanging-drop vapour diffusion at 18°C by equilibration against a reservoir solution of 0.1 M 4-morpholineethanesulfonic acid buffer (pH 6.5) and 20-25% polyethylene glycol 4000 (1:1 ratio of protein to reservoir solution). SeMet-FkbO crystals were obtained from SeMet-FkbO (4 mg/mL) by streak seeding using native FkbO crystals. Welldiffracting crystals were obtained after a period of 4 weeks.
Data collection and phase determination
Diffraction data were collected at the PXI(XO6SA) at the Swiss Lightsource, Paul Scherrer Institute in Villigen, Switzerland. Data reduction was carried out with the X-ray Detector Software (XDS Program Package) [38, 39] . The structure was solved with phases obtained from SeMet-FkbO crystals via single wavelength anomalous dispersion using HKL2MAP [40] .
Model building and refinement
A first model was built manually in Coot [41] , and hydrogens were added in their riding positions. The preliminary model was iteratively completed within several rounds of rebuilding and runs of phenix.refine [42] ultimately refining all heavy atoms anisotropically. Ligand coordinates and restraints were generated using the Grade Web Server ‡ . The structure was evaluated using the MolProbity server § . Figures were prepared using PyMOL (PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC).
Protein coordinates
Protein coordinates have been submitted to the PDB database with the accession code 4BPS.
